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Edited by Stuart FergusonAbstract An in silico survey of all known 3D-structures of gly-
coside hydrolases that contain a ligand in the 1 subsite is pre-
sented. A recurrent crucial positioning of active site residues
indicates a common general strategy for electrostatic stabilisa-
tion directed to the carbohydrates ring-oxygen at the transition
state. This is substantially diﬀerent depending on whether the en-
zymes proton donor is syn or anti positioned versus the sub-
strate. A comprehensive list of enzymes belonging to 42
diﬀerent families is given and selected examples are described.
An implication for an early evolution scenario of glycoside
hydrolases is discussed.
 2004 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Enzyme mechanism1. Introduction
Almost 70 years ago, it was pointed out by Linus Pauling
that the transition state theory is applicable to enzymes and
that the catalytic rate constant depends mainly on the free en-
ergy of activation; enzyme catalysed reactions therefore in-
volve stabilisation of the corresponding transition states [1].
Evolutionary pressure has equipped enzymes with an intricate
microenvironment within their active site designed for this pur-
pose. Many diﬀerent factors (strain, desolvation, dynamic ef-
fects, entropic factors, and enthalpic factors such as
hydrogen bonds, hydrophobic and electrostatic interactions)
may – or may not – contribute to the aﬃnity for the short-
living transition state. In this respect, an excellent evaluation
can be found in the work of Arieh Warshel, who demonstrated
that ‘‘a complimentarity between the electrostatic potential of
the enzyme-active site and the change in charges during the*Corresponding author. Fax: +32 9 264 5332.
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doi:10.1016/j.febslet.2004.12.021reaction’’ is the most signiﬁcant catalytically contributing fac-
tor [2–4].2. Mechanism of glycoside hydrolases
O-Glycoside hydrolases (EC 3.2.1.x), a structurally diverse
group of multi-subsite enzymes, are abundantly present in
Nature. On the basis of amino acid sequence similarity, they
have hitherto been classiﬁed into more than 90 diﬀerent fami-
lies [5,6], and observation of fold conservation allowed some
families to be grouped in clans [7]. With almost no exceptions,
O-glycoside hydrolases possess at least two mechanistically
important carboxyl functions at the junction of subsites 1/
+1 [8]: (i) a lateral syn or anti positioned [9] proton donor close
to the glycosidic oxygen; and (ii) a nucleophilic carboxylate
residue (retaining hydrolases) or a solvent-nucleophile assist-
ing carboxylate residue (inverting hydrolases). The general
mechanism of a b-D-glucoside hydrolysis by retaining and
inverting enzymes is represented in Fig. 1.
Hundreds of 3D-structures of O-glycoside hydrolases have
already been solved, but for about half of all glycoside hydro-
lase (GH) families structural data are still missing. The avail-
ability of enzyme structures containing a ligand within the
active centre, especially with the crucial 1 subsite occupied,
is important for closer insight into ligand recognition, sub-
strate speciﬁcity and modus operandi. This has been addressed
for representative enzymes belonging to about 40 O-glycoside
hydrolase families, by the use of speciﬁc inhibitors, cryo-
techniques or site-directed mutagenesis. A major breakthrough
was the development of 2-deoxy-2-ﬂuoro-derivatives, which
has allowed the covalent trapping of the glycosyl-enzyme inter-
mediate of many retaining hydrolases [10]. The current under-
standing of glycosidase mechanisms has recently been reviewed
thoroughly [11,12].
Although (poly)saccharide O-glycosidic bonds are remark-
ably stable towards uncatalysed hydrolysis at room tempera-
ture, with kuncat values in the order of 10
15 s1, most of the
glycoside hydrolases attain kcat values in the order of 100 s
1
or higher, truly a stunning rate enhancement for enzymes
which in most cases do not need assistance by either metals
or cofactors. This analysis by Richard Wolfenden [13] further
implies that the dissociation constant of a glycoside hydrolase-
transition state complex (ES-Kdiss) is in the order of 10
22 M,
an extremely low value. It has two important corollaries:ation of European Biochemical Societies.
Fig. 2. Left: Schematic representation of the transition state for a
glycosidic bond substitution. OR = leaving or incoming group. The
ring oxygens 2pz orbital overlaps with the C1–O1 orbitals of the bonds
being formed or broken. The local positive charge build-up at C1 is
stabilised through this orbital overlap. Right: The syn-A, syn-B, anti-
A, and anti-B space-quadrants around a glycosidic ring.
Fig. 1. The general mechanism of a b-glucoside hydrolysis by retaining and inverting enzymes, not taking into account the conformational changes
during the processes.
W. Nerinckx et al. / FEBS Letters 579 (2005) 302–312 303(1) Members of this class of enzymes should be sensitive tar-
gets for transition state analogous inhibitors [13]. Indeed,
several natural and synthesised nitrogen-containing su-
gar-analogues are known to be excellent inhibitors for se-
lected glycoside hydrolases [14], some of which are
candidates for therapeutic agents, e.g., against tumour
metastasis [15].
(2) Since electrostatic factors contribute the most to transi-
tion state stabilisation [2–4], such a low ES-Kdiss im-
plies that crucial enzyme functional groups should be
strategically positioned such as to favourably interact
with those sectors of the carbohydrate-substrate that
transiently undergo charge-distribution changes upon
reaching the transition state. These groups should be
prominently present within any glycoside hydrolase
and should be readily recognisable in complexes in
which the 1 subsite is occupied by a substrate (or
transition state) analogue.
One perfect charge-complementarity, which is always pres-
ent in enzymatic glycoside hydrolysis mechanisms, evidently
consists of the protonated glycosidic oxygen of the scissile
bond versus the conjugated base of the proton donating
aspartic or glutamic acid residue. However, a principal char-
acteristic of a carbohydrate ring in its transition state con-
formation – substantially diﬀerent from that of a ground
state chair or local minimum skew-boat – is the sp2-hybri-
dised geometry of both C1 and O5, allowing a mutual dou-
ble bond character in a borderline SN1–SN2 displacement
mechanism (Fig. 2, left). The partial positive charge at the
anomeric centre is then stabilised by the ring oxygen,
through overlap of O5s orthogonal lone pair containing
2pz orbital with C1s orthogonal orbital lobes of the bonds
from the partially leaving and partially incoming groups
(or in extremis, in case of a genuine SN1: overlap with
C1s empty 2pz orbital). This gives rise to two localised areas
that are sterically accessible for complimentary interaction
with the enzyme, i.e., axially above and underneath the car-
bohydrates ring oxygen, where at the transition state the lo-
cal charge distribution diﬀers substantially from that of the
ground state. Calculations of partial charge densities indicatethat even a formal glucopyranosyl cation may still carry a
small negative charge on the ring oxygen, e.g., 0.0086,
compared to 0.2607 at the ground state a-D-glucose [16].
However, the ring oxygen of a glycopyranosyl cation bears
a fully occupied sp2-hybrid and an electron-deﬁcient 2pz
orbital, whereas that of a ground state (or a local minimum)
bears two fully occupied sp3 lone pairs; the ring oxygens 2pz
orbital at a transition state may thus carry a substantial po-
sitive charge. A local complementary interaction from the
enzyme may then be transition state stabilising as well as
ground state destabilising, and as such lower the activation
barrier.
A combination of Vasellas syn–anti half-spaces (divided by
the O1, C1, and H1 plane with respect to the carbohydrate,
respectively, containing O5 or C2) [9] with Vyass A–B half-
space nomenclature (with respect to the average sugar ring
plane and the ring atom numbering, respectively, above-clock-
wise or below-anticlockwise) [17] yields the space-quadrants
syn-A, syn-B, anti-A, and anti-B (Fig. 2, right). Thus, in the
known 3D-structures of glycoside hydrolase enzyme–ligand
Table 1
List of 42 family/clan members of subsite 1 liganded glycoside hydrolases and their mechanistic actors
Family Mechanism Proton donora Nucl.a Syn-A (A˚)i Syn-B (A˚)i Organism Enzyme PDBn Ligand Conservation of syn-helper
residues
1/A b ret. anti Glu166(e) Glu352(e) Solvent Tyr296 (2.8) B. polymixa 1,4-Glucosidase 1e4i GlcF-glycenz. >95% Y, some F, G
2/A b ret. anti Glu461(e) Glu537(e) Wat4568 (2.9) Tyr503 (3.1) E. coli Galactosidase 1jz0 GalF-glycenz. ±60% Y, 20% E, others F, V, N
3 b ret. anti Glu491(e) Asp285(e) Solvent Met316j (4.5) H. vulgare 1,4-Glucohydrolase 1iew GlcF-glycenz. Strict
5/A b ret. anti Glu139(e) Glu228(e) Solvent Tyr202 (3.0) B. agaradhaerens 1,4-Endoglucanase 1h2j GlcF-glycenz. Strict
6 b inv. syn-A Asp226(e) H2O Protond. (4.1) Wat2902 (2.8) H. insolens 1,4-Exoglucanase 1ocn Glc-isofagomine
7/B b ret. syn-A Glu202(e) Glu197(e) Protond. (2.9) Asp199 (3.1) F. oxysporum 1,4-Endoglucanase 1ovw Thio-Glc5
p Strict
8/M b inv. anti Glu95(e)b H2O C6–OH (2.8) Solvent C. thermocellum 1,4-Exoglucanase 1kwf Cellohexaose
9 b inv. syn-A Glu424(e) H2O Protond. (3.1) Asp55 (4.3) T. fusca 1,4-Endoglucanase 4tf4 Cellopentaose >95% D, some H
10/A b ret. anti Glu127(e) Glu233(e) Solvent His205 (3.0) C. ﬁmi Xylanase 2xylo Xyl2F-glycenz. Strict (once Y)
11/C b ret. syn-A Glu172(e) Glu78(e) Protond. (4.0) Tyr69 (3.0) B. circulans Xylanase 1bvv Xyl2F-glycenz. Strict
12/C b ret. syn-A Glu203(e) Glu120(e) Protond. (3.5) Asp104 (3.9) S. lividans 1,4-Glucanase 2nlr Glc3F-glycenz. ±90% D, 10% E
13/H a ret. anti Glu257(e)c Asp229(e)c Nucl. (3.7) Solvent B. circulans Cyclodextrin transf. 1cxk Maltononaose
14 a inv. syn-B Glu172(i) H2O Glu367 (3.8) Protond. (4.5) B. cereus 1,4-Glucoamylase 1b9z Maltose ±90% E, 6% Q, 3% R
15/L a inv. syn-B Glu179(e) H2O Tyr48 (3.6) Protond. (3.6) A. awamori 1,4-Glucoamylase 1gah Acarbose Strict
16/B b ret. syn-A Glu152(e) Glu147(e)h Protond. (3.4) Asp149 (3.4) Z. galactanivorans b-Agarase 1urx Oligo-agarose Strict
18/K b ret. anti Glu315(i) Internal Asp391 (4.4) Nucl. (1.8) S. marcescens Chitinase 1ﬀr (NAG)6 >95% D, some Y, N, E, S
20/K b ret. anti Glu540(i) Internal C30-OH (3.5) Tyr669 (4.6) S. marcescens Chitobiase 1c7s Chitobiose >95% Y, some F, D, L
22 b ret. syn-A Glu35(e)d Asp52(e) Protond. (4.3) Gln57l (3.8) G. gallus Lysozyme 1h6m (Chit)2F-glycenz. >95% Q, some E
23 b inv. syn-A Glu73(i) H2O Protond. (3.8) Gln95
l (2.9) C. atratus Lysozyme 1lsp Bulgecin A ±95% Q, 5% M
24/I b inv. syn-A Glu11(i) H2O Protond. (3.8) Solvent Bacteriophage T4 Lysozyme 148l Glycenz.
q
26/A b ret. anti Glu212(e)e Glu320(e) Solvent Tyr285 (3.4) C. japonicus Mannanase 1gw1 (Man)3F-glycenz. Strict
27/D a ret. anti Asp201(i) Asp410(i) Nucl. (2.7) Wat182 (3.6) G. gallus galactosaminidase 1ktc NAGal
28/N a inv. anti Asp180(e) H2O Solvent Tyr270 (3.2) A. aculeatus polygalacturonase model (Gal)8 >95% Y, some W, F
29 a ret. syn-A Glu266(e) Asp224(e) Protond. (3.0) Nucl. (3.0) T. maritima Fucosidase 1hl9 FucF-glycenz.
31 a ret. anti Asp482(e) Asp416(e) Trp345 (4.4)j Solvent E. coli Xylosidase 1xsk 5FXyl-glycenz. ±49% I, 18% W, 8% N, 7% S,
6% Y, 5% M
33/E a ret. anti Asp59(i) Tyr342(e) Glu230 (4.3) Solvent T. cruzi Sialidase 1s0k 2,3F-sialglycenz. Strict
34/E a ret. anti Asp151(i) Tyr406(i) Glu277 (3.8) Solvent Inﬂuenza virus Sialidase 2bat Sialic acid Strict
38 a ret. anti Asp341(e) Asp204(e) Nucl. (2.9) Solvent D. melanogaster 1,2-Mannosidase 1qwn 5FGulF-glycenz.
39/A b ret. anti Glu160(e) Glu277(e) Solvent Tyr230 (3.1) T. saccharolyticum Xylosidase 1uhv XylF-glycenz. ±70% Y, 30% K
42/A b ret. anti Glu141(i) Glu312(i) Solvent Tyr266 (4.3) T. thermophilus Galactosidase 1kwk Galactose ±90% Y, 10% F
43/F a inv. anti Glu221(i) H2O Solvent Cys242 (4.5)
k C. cellulosa Arabinanase 1gye Arabinohexaose ±24% E, 9% Y, 20% A, 10% C,
7% G
47 a inv. syn-B Glu330(i) H2O C6–OH (3.5) Wat8 (3.1)
m H. sapiens 1,2-Mannosidase 1fo3 Kifunensine
51/A a ret. anti Glu 175(e)f H2O Solvent Tyr246 (3.1) G. stearotherm. Arabinofuranosidase 1pz2 Glycenz. Strict
54 a ret. anti Asp 297(e) Glu221(e) Cys176 (4.4)k Solvent A. kawachii Arabinofuranosidase 1wd4 L-Arabinose Strict
56 b ret. anti Glu113(i) Internal Tyr227 (5.0) Solvent A. mellifera Hyaluronidase 1fcv (Hyaluron.)4 >95% Y, some G, C, S
57 a ret. anti Asp214(i) Glu123(i) Nucl. (3.5) Solvent T. litoralis Glucanotransferase 1k1y Acarbose (3/+1)
67 a inv. syn-B Glu292(i) H2O Solvent Protond. (5.1) P. cellulosa Glucuronidase 1gql Glucuronic acid
68/J b ret. anti Glu342(e)g Asp86(e) Solvent Nucl. (3.2) B. subtilis Levansucrase 1pt2 Sucrose
77/H a ret. anti Asp395(i) Asp293(i) Nucl. (5.8) Solvent T. aquaticus Amylomaltase 1esw Acarbose (3/+1)
83/E a ret. anti Arg174(i) Tyr526(i) Glu401 (4.8) Solvent Paramyxovirus Sialidase 1e8v DD-neuram.r Strict
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W. Nerinckx et al. / FEBS Letters 579 (2005) 302–312 305complexes, one expects to ﬁnd at the 1 subsite and at syn-A
and/or syn-B-axially above and/or underneath the ligands ring
heteroatom – always an electron-rich functional group (e.g.,
bearing a free electron pair), at a close enough distance to be
able to interact with the substrate-ring oxygens 2pz orbital
at the transition state.
This rationale has prompted us to investigate in silico, for all
the to this date known liganded glycoside hydrolase 3D-struc-
tures, whether such a strategically positioned group is indeed
provided (directly or indirectly) by the enzyme at the indicated
syn quadrants. This has already been discerned and its impor-
tance deduced in liganded structures from families 11 [18], 13
[19], 29 [20] and 38 [21]; each is discussed further. The selection
criteria for this study are those pdb-entries that are ligand–
enzyme complexes with subsite 1 occupied, or are trapped
O-glycosyl intermediates; when more than one structure with
a ligand has been published for the same enzyme, the entry
with the covalent glycosyl-enzyme intermediate (if available)
was preferred. The modelled substrate complex of the GH-
family 28 polygalacturonase from Aspergillus aculeatus [22]
has also been included. No representative for GH-family 4
was included, since these enzymes operate by an unusual redox
and elimination mechanism [23].
The results of the present survey for representatives from 42
diﬀerent GH-families are presented in Table 1. At the syn-A
and syn-B columns, the indicated distances are for the nearest
axial heteroatom(s) towards the respective ligands ring hetero-
atom. It must be emphasised that an experimentally observed
ligand conformation must be a ground state or a local mini-
mum, thus energetically far away from the short-lived high-
energy transition state; the distances in Table 1 can therefore
substantially diﬀer from those occurring at the real transition
state.
As is immediately clear from the list, only the GH-family 90
tailspike protein structure [24] is a notable exception in that its
ligands syn-A and syn-B quadrants both appear to be solvent
accessible. It could be an ‘‘exception that conﬁrms the rule’’,
since this enzyme hydrolyses its S. typhimurium O-antigen sub-
strate exceptionally slowly (kcat ± 2 min
1) [25] and as such
may not need additional electronic transition state stabilisation
apart from the protonated glycosidic oxygen – deprotonated
proton donor combination. A persistent occurrence of an elec-
tron-rich functional group at syn-A or syn-B also helps to ex-
plain why these enzymes consistently show a reluctance to
accept a ground state substrate-carbohydrate moiety within
their 1 subsite: not only is the shape of this subsite not com-
plimentary to the ground state, but also an electrostatic mis-
match is presented near the lone pairs of the ground states ring
oxygen.
It should be noted that Vasellas nomenclature for syn–anti
proton donor positioning [9] originally was described only
for b (equatorial) glycoside hydrolases. An extra result of this
3D-survey is that this appears to be equally applicable to en-
zymes hydrolysing an a (axial) glycosidic bond. The IUPAC
b–a carbohydrate nomenclature very often (with some excep-
tions, see further) corresponds to an equatorial, respectively,
axial, positioning of the glycosidic bond in the ground state
conformation.
By nature of their positioning with respect to the substrate,
syn versus anti protonators show a substantially diﬀerent strat-
egy for electronic transition state stabilisation, thus necessitat-
ing separate general discussions.
306 W. Nerinckx et al. / FEBS Letters 579 (2005) 302–3123. Syn protonation as a lateral phenomenon: a reﬁnement
When a syn protonating glycoside hydrolase has transferred
its catalytic proton to the substrates glycosidic bond and the
reaction is reaching the transition state, the acid catalyst in
its basic form is then inherently also placed in the vicinity of
the 2pz orbital of the substrates sp
2-hybridised endocyclic oxy-
gen. A transition state favouring interaction towards this orbi-
tal should only be possible with syn proton donor positions
that are axial to the ring oxygen of the carbohydrate-unit at
the 1 subsite. These are exactly the syn-A and syn-B quad-
rants as indicated above (Fig. 2, right). If, on the contrary,
the proton donor would actually reside in the sugars average
ring plane, the interaction would even be disadvantageous
since its conjugate base would be very close to the ring oxy-
gens fully occupied equatorial lone-pair sp2-hybrid orbital.
This can be regarded as a reﬁnement of Heightman and Vasel-
las original insight of lateral proton donor positioning [9]: it is
semi-lateral, with the carbonylic oxygen of the proton donor
axially positioned versus the ring oxygen and with the proton-
ated oxygen of the proton donor in the vicinity of the glyco-
sidic oxygen.
The present survey indeed reveals (see the syn proton donor
entries in Table 1) that syn-b (equatorial) glycoside hydrolases
consistently have their proton donor at the syn-A quadrant,
whereas syn-a (axial) enzymes show this in the corresponding
syn-B quadrant. The latter is logical, since here the axial gly-
cosidic oxygen that is to be protonated resides in the B half-
space, but the consistent presence of a proton donor in the
syn-A quadrant with syn protonating b-glycoside hydrolases
leads to a further interesting possibility. Indeed, a ground
state chair conformation of an equatorial glycoside could in
principle be protonated semi-laterally, followed by conjugate
base interaction to the ring oxygen from either syn-A or
syn-B. However, the antiperiplanar lone pair hypothesis
(ALPH) predicts that the hydrolysis of equatorial glycosides
should be preceded by a conformational change away from
the ground state chair to a twist-boat conformation in which
the leaving group has an axial position, enabling a set-up with
an antiperiplanar orbital of the ring oxygen lone pair – the
one that will eventually become the 2pz orbital at the transi-
tion state [26–28]. The observation that the proton donor of
syn protonating (equatorial) b-glycoside hydrolases is always
positioned at syn-A suggests that their protonation of the gly-
cosidic oxygen does not occur at the ground state chair
conformation, but always happens after a conformational
change to an axial anomeric conformer. This may or may
not be so for anti protonating b-glycoside hydrolases, since
their proton donor appears to occupy a more variable
position.
In general, since syn protonators have their proton donor
positioned in the syn-A or syn-B quadrant and as such are
pre-set for an extra interaction towards the transition states
ring oxygen, they should be in catalytic advantage over anti
protonators. This ﬁts the interesting observation that inverting
b-glycoside hydrolases, using water as a nucleophile (which is
less nucleophilic than a carboxylate-anion used in the rate-
determining step of retaining enzymes), are always syn proto-
nators with the exception of the members of clan M (families
8 and 48). This anti protonating GH-clan M is again peculiar
in that the known 3D-structures show a very extended multi-
subsite active centre, as described further.4. Anti protonators should compensate at a syn quadrant
Since the conjugate base of an anti positioned proton donor
cannot interact with the ring oxygens 2pz orbital of the transi-
tion state, one expects anti protonating glycoside hydrolases to
provide an alternative interaction originating from the syn-A
and/or syn-B quadrants. As apparent in Table 1 (see the anti
proton donor entries), an electron-rich heteroatom is always
present (except in family 90). In two instances (families 8 and
47), a hydroxyl group from the ligand itself is located at the cor-
rect distance; such interaction is then indirectly provided by the
enzymes active site, by speciﬁcally locking its substrate into
that position. Five a-retaining families (13, 27, 38, 57, and 77)
show the second oxygen of their carboxylate-nucleophile at
syn-A. Most anti protonating enzymes provide this axial inter-
action by a separate amino acid residue (boldfaced in Table 1).
Many syn-protonating glycoside hydrolases also show a sec-
ond electron-rich amino acid residue (boldfaced in Table 1) lo-
cated at the syn-quadrant opposite to that containing the
proton donor. A check with the PFAM sequence-alignment
server [29] or with ClustalW [30] shows that the residues in-
volved, for anti as well as syn protonating enzymes, are often
highly conserved within each family. This indicates that these
may be regarded as important transition state favouring helper
residues. As the examples show, known mutations of this res-
idue are often deleterious for enzyme activity; for some mu-
tants however the eﬀects are less pronounced.5. Speciﬁc examples for diﬀerent mechanistic combinations
A description of all entries in Table 1 is impossible within the
scope of the present article. The permutation of (i) axially ver-
sus equatorially positioned glycosidic bond substrates, (ii)
retaining versus inverting hydrolases, and (iii) syn versus anti
proton donor positions yields eight mechanistic combinations;
for a reasonable completeness a selection of examples is given
for each case. The GH-clan E families 33, 34, and 83 sialidases-
neuraminidases are discussed in a separate section, since their
substrates possess an equatorial anomeric substituent although
the IUPAC nomenclature requires the a denominator.
The present focus is only on enzyme-provided electrostatic
factors within the syn-A and syn-B quadrants. Undoubtedly,
many other enzyme-provided features will also contribute to
transition state stabilisation, e.g., speciﬁc nucleophile to the
C2-hydroxyl group interactions often found in retaining en-
zymes [31,32], or hydrophobic platform interactions [33].
The wall-eyed stereoviews of Fig. 3 (syn-b-retaining en-
zymes) and Fig. 4 (anti-b-retaining enzymes) are pdb-extracts
of the liganded 1 subsite from several glycoside hydrolase
family members, showing an overlay of the proton donors
and the amino acid residues under the present focus. The man-
ual overlays, by coalescence of the respective C1–O5 bonds
and subsequent best ﬁt of the carbohydrate rings at the 1
subsite, were performed with the Swiss-PDB-viewer 3.7 [34]
and the ﬁnal ﬁgures were prepared with Pymol-X11-hybrid
0.95 [35].5.1. Syn b-retaining: GH-clans B and C (Fig. 3)
The clan B b-glycoside hydrolases operate with retention of
the equatorial anomeric conﬁguration and exhibit a common
Fig. 3. Wall-eyed stereoview overlay of the situations at the liganded
active sites from the syn-b-retaining families 7 (1ovw), 11 (1bvv), 12
(2nlr), 16 (1urx), and 22 (1h6m). Only the 2-ﬂuoro-glycosyl-enzyme
intermediate from family 12 is shown (green, ﬂuorine atom in purple),
attached to the nucleophile Glu120 (white), and its helper residue
Asp104 (yellow) in the syn-B quadrant. The respective proton donors
(blue) all reside in the syn-A quadrant; the proximal oxygen atoms
(red) of the respective syn-B helper residues are represented as coloured
spheres.
Fig. 4. Wall-eyed stereoview overlay of the situation at the active sites
of glycosyl-enzyme intermediates from the anti-b-retaining GH-clan A
families 1 (1e4), 2 (1jz0), 5 (1h2j), 10 (2xyl), 26 (1gwi), 39 (1uhv), and
the structurally analogous (GH-clan A) anti-a-retaining L-arabino-
furanosidase from family 51 (1pz2); the glycosyl-enzyme intermediate
from family 3 (1iew) was also included. Only the 2-ﬂuoro-glycosyl-
enzyme intermediate from family 39 is shown (green, ﬂuorine atom in
purple), attached to the nucleophile Glu277 (white), and its helper
residue Tyr230 (yellow) in the syn-B quadrant. The respective proton
donors (blue) are anti positioned; the proximal heteroatoms (red,
oxygen; blue, nitrogen; and orange, sulfur) of the respective syn-B
helper residues are represented as coloured spheres.
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Cellulose (family 7) or complex polysaccharides (family 16)
are their substrates. 3D-Complexes in which subsite 1 is
occupied (several pdb-entries for family 7, only entry 1urx
for family 16) show the glutamic acid proton donor in the
syn-A quadrant, whereas in both families at syn-B a strictly
conserved aspartate residue is present which is also close to
the glutamate nucleophile. The selected example in Table 1 is
the Fusarium oxysporum endoglucanase Cel7B in complex with
a non-hydrolysable thiopentasaccharide substrate-analogue
inhibitor (pdb-entry 1ovw) [36]. The oxygen Oe2 of the proton
donor Glu202 is at syn-A with a distance of 2.9 A˚ to the ring
oxygen of the substrate analogue in the 1 subsite, and oxygen
Od1 of Asp199 resides clearly at syn-B at 3.1 A˚ distance. With
the Hypocrea jecorina cellobiohydrolase Cel7A, the amide mu-
tant of the corresponding syn-B positioned Asp214 shows on
aryl glycoside substrates a two orders decrease in kcat and an
unchanged KM. Its possible role as a nucleophile assisting res-
idue – but not its proximity to the ring oxygen – has been
extensively discussed [37].
The b-retaining GH-clan C also contains b-jelly-roll folded
enzymes with an extended multi-subsite active centre, and
comprises the family 11 xylanases and the family 12 endoglu-
canases and lichenases.
The selected example in Table 1 for family 12 is the covalent
2-deoxy-2-ﬂuoro-cellotriosyl-enzyme intermediate of theCelB2 endoglucanase from Streptomyces lividans (pdb-entry
2nlr) [38]. At syn-A, one ﬁnds the oxygen Oe2 of the proton
donor Glu203 at 3.5 A˚ distance to the ligands ring oxygen,
whereas in the syn-B quadrant at 3.9 A˚ the carboxyl oxygen
Oe1 of Asp104 is observed. This residue is 85% conserved with
15% Glu as variant; mutants at this position have not yet been
reported.
The GH-family 11 syn protonating xylanases show the phe-
nolic oxygen of a strictly conserved tyrosine residue at syn-B,
in a near axial position versus their substrates ring oxygen; a
feature that is shared by many other families. The selected
example in Table 1 is the covalent 2-deoxy-2-ﬂuoro-xylobi-
osylenzyme intermediate of the Bacillus circulans xylanase
(pdb-entry 1bvv) [18]. Remarkable in this structure, and also
observed in a covalent intermediate of the family 11 Bacillus
agaradhaerens xylanase [39], is the presence of a 2,5B boat con-
formation of an a-D-xyloside moiety in the 1 subsite. This
conformation is coplanar with respect to C5, O5, C1, and
C2, conform to what one expects from a transition state that
has considerable double bond character between O5 and C1.
Apparently in contrast to ALPH, the ring oxygen provides
no lone pair that is antiperiplanar to the a-axial glycosidic
bond. However, a minimal disturbance of this 2,5B boat con-
formation yields a 5S1 skew-boat as the next pseudorotational
neighbour which now is ALPH compliant and could be the ac-
tual active conformation. Also, the 1 subsite of these en-
zymes appears to possess an unusual preference for a local
minimum a-axial 2,5B boat D-xylopyranose conformation,
since this is also observed in the xylotetraose product-complex
of the B. agaradhaerens xylanase nucleophile Glu94Ala mutant
[39]. In the B. circulans xylanase, one ﬁnds at syn-B the pheno-
lic oxygen of Tyr69 at 3.0 A˚ from the ring oxygen; the
Tyr69Phe mutant yields an inactive enzyme [40]. Its impor-
tance in transition state stabilisation is thoroughly discussed
by the authors of the 3D-structure [18] and is in accordance
with the general proposition of the present review.
An identically syn-B positioned tyrosine helper residue is
also found within the b-retaining but anti proton donating
GH-family 20 and in most families of the GH-clan A (see fur-
ther). An extra feature of a syn-B tyrosine with a b-retaining
enzyme combination is that the tyrosines phenolic group
inherently is also positioned in the vicinity of the nucleophile.
As such, it can yield a bifurcated hydrogen bond towards the
nucleophile as well as towards the endocyclic ring-oxygen of
the substrate. The changes in charge distribution in going from
a ground state towards the transition state could favour the
hydrogen bond towards the nucleophile, while exposing the
substrates ring oxygen more prominently to a lone pair from
the phenolic oxygen, which in turn could stabilise the transi-
tion state. This has indeed been observed and discussed for
the family 11 B. circulans xylanase [18] and may be a recurring
phenomenon with many other glycoside hydrolases.5.2. Anti b-retaining: GH-clan A (Fig. 4)
The large GH-clan A comprises to this date 17 diﬀerent fam-
ilies, all sharing a common (b/a)8-fold and acting by a retain-
ing mechanism; the complexed structures all show an anti
positioned proton donor. GH-family 5 enzymes hydrolyse
various b-(1,4)-glycosides with an equatorial anomeric con-
ﬁguration. The selected example in Table 1 is the 2-deoxy-2-
ﬂuoro-cellobiosylenzyme intermediate of the endoglucanase
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B quadrant, at 3.0 A˚ distance from the ligands ring oxygen,
one ﬁnds the phenolic oxygen of Tyr202; the syn-A quadrant
is solvent exposed. The substrate speciﬁcities of GH-family 5
enzymes are broad and some members share a mutually closer
sequence identity, which has led to a subdivision into as yet
eight subfamilies [42]. Nevertheless, the indicated tyrosine is
strictly conserved.
As indicated in Table 1, a tyrosine at this position is found
throughout the 3D-structures of all families in the GH-clan
A, except in the family 10 xylanases and cellobiohydrolases
where at the syn-B quadrant the nitrogen atom of a conserved
histidine is present, although one enzyme sequence again
shows a tyrosine. As required for transition state stabilisation,
the imidazole nitrogen atom near the substrates ring oxygen
(e.g., Ne2 of His205 in the Cellulomonas ﬁmi example) should
be basic, and indeed the other nitrogen (e.g., Nd1) carries the
proton since here an adjacent aspartate residue (e.g., Asp235)
is invariantly present [31]. In the GH-clan A family 39, the
indicated tyrosine is 70% conserved next to 30% lysine; the lat-
ter is then predicted to also have a neighbouring carboxylate
residue. Within the GH-clan A, the indicated tyrosine is
>95% conserved in families 1, 5, 10, 26, and 51, whereas this
is 90% in family 42 (10% Phe), and 60% in family 2 (20%
Glu and some Phe and Gly). The occurrence of a phenylala-
nine at this position is remarkable and suggests that a polari-
sable p-aromatic ring system may also help in transition
state stabilisation; a glycine at this position may be due to a
sequence error or may indicate that a neighbouring residue
occupies the syn-B quadrant.
Mutants have been characterised for several enzymes
belonging to GH-clan A. The Tyr298Phe mutant of the family
1 b-glucosidase from Agrobacterium faecalis shows a 100- to
3000-fold decrease of kcat and a virtually unchanged to 30-fold
lower KM on diﬀerent aryl glucosides [43]. With the family 1
human cytosolic b-glucosidase, the Tyr308Phe mutant exhibits
however only a 2–5-fold decrease of kcat towards its ﬂavanoid
glucoside substrates with minimal inﬂuence on KM, which indi-
cates that a polarisable p-aromatic ring system may have a
capacity for transition state stabilisation; it also may be a
reﬂection of this enzymes activity on a variety of phenolic glu-
cosides [44]. The family 2 b-galactosidase Tyr503Phe mutant
from E. coli shows a 2800, respectively, 900-fold decrease of
Vmax for o-nitro-, respectively, p-nitrophenyl b-D-galactoside,
with a 3-fold decrease of KM [45]. The Tyr285Ala mutant of
the family 26 mannanase from Pseudomonas cellulosa exhibits
a four orders of magnitude decrease of kcat and a 4-fold in-
crease of KM on its natural substrate [46].5.3. Syn b-inverting: family 9
This family contains endoglucanases, cellobiohydrolases and
b-D-glucosidases, acting on substrates with an equatorial ano-
meric conﬁguration. In the Thermomonospora fusca Cel9A cel-
lopentaose complex (Table 1, pdb-entry 1tf4) [47], the proton
donor Glu242 is clearly occupying the syn-A quadrant, and
its carboxylic oxygen Oe1 is at an appropriate distance (3.1
A˚) from the ligands ring oxygen for transition state electro-
static interaction by its conjugate base. At the B half-space
near the ligands anomeric centre, two adjacent and probably
cooperative bases Asp58 and Asp55 are present. The carbox-
ylic oxygen Od2 of the latter is positioned axially at 4.3 A˚ dis-tance from the carbohydrates ring oxygen. This residue is
strictly conserved, and mutants (D55N as well as D55A) show
a 100-fold decrease in kcat whereas KM is almost unaﬀected
[48].5.4. Anti b-inverting: family 8 (clan M)
As indicated above, anti proton donating glycoside hydro-
lases are in relative disadvantage versus syn protonating en-
zymes, and are expected to compensate for the absence of
the proton donors conjugate base proximity towards the ring
oxygen of the carbohydrate-unit at the 1 subsite by locally
providing an alternative transition state favouring inter-actor.
Equatorial glycosidic bond hydrolysing enzymes may have a
second disadvantage due to ALPH, which suggests the need
for a prior substrate conformational change (see above). The
required energy for converting a ground-state chair conforma-
tion into a local minimum ALPH-compliant (skew-)boat must
come from an extra series of favourable enzyme–substrate
interactions. And, since inverting enzymes utilise water as a
nucleophile, anti-b-inverters accumulate a 3-fold-cumulative
disadvantage, and should be very rare in Nature. Surprisingly,
the GH-families 8 and 48 enzymes are anti-b-inverting. An
example is the active site of the Clostridium thermocellum endo-
glucanase Cel8A (Table 1, pdb-entry 1kwf, substrate complex
with proton donor E95Q mutant) [49]. It shows the D-glucose
moiety in subsite 1 residing in a non-ground state 2S0-2,5B
conformation. This is a non-ALPH compliant local minimum
conformation which could be due to the mutation, whereas in
the native enzyme the substrate might ﬁrst pseudorotate to an
ALPH-compliant conformation before the actual hydrolysis
reaction. The proton donor is clearly anti positioned and at
syn-A one ﬁnds the D-glucoses C6 hydroxyl oxygen at 2.8 A˚
distance from the ring oxygen. Its position appears to be en-
forced by a steric interaction from Trp132, which also func-
tions as a subsite 2 ligand stacking residue.
The clan GH-clan M families 8 and 48 are (a/a)6 barrel
folded and show a very extended active site. Family 8 glyco-
sidases are only active on oligosaccharides with a high degree
of polymerisation [49,50], whereas 3D-structures from mem-
bers of the processively hydrolysing family 48 show a long
and elaborate tunnel-shaped active site (e.g., the Clostridium
cellulolyticum Cel48A structure [51]). Utilising many subsites
with favourable enzyme–substrate interactions may be
Natures solution for these enzymes inherent mechanistic
disadvantages.5.5. Syn a-retaining: family 29
For this family of a-L-fucosidases (its substrates having an
axial anomeric conﬁguration), only 3D-structures of the Ther-
motoga maritima enzyme have as yet been solved, including
that of its 2-deoxy-2-ﬂuoro-L-fucosylenzyme intermediate (Ta-
ble 1, pdb-entry 1hl9) [20]. The Oe2 carbonyl oxygen of its pro-
ton donor Glu266 clearly resides in the syn-A quadrant, at 3.1
A˚ distance from the ligands ring oxygen. At syn-B, the second
oxygen Od2 of the nucleophile Asp224 is found at 3.0 A˚ dis-
tance. The authors have identiﬁed this positioning as ‘‘possibly
providing electrostatic stabilisation at the transition state, or
ground state destabilisation’’ [20], in accordance with our gen-
eral hypothesis. As evident from Table 1, a nucleophile posi-
tioned at syn-B also occurs in the b-inverting family 24 and
in the b-retaining family 68.
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to the ligands ring oxygen has previously been noted with
anti protonating a-retaining glycosidases, described in the next
section.5.6. Anti a-retaining: families 13, 27, 31, 38, 57, and 77
As noted above, these anti protonating enzymes cannot
compensate the changes in charge distribution at their sub-
strates ring oxygen through interaction with the conjugate
base of their proton donor. They are retainers for axially
substituted substrates and are as such equipped with an inher-
ently close anionic nucleophile. The second oxygen of the
nucleophile then becomes a candidate for electronic transition
state stabilisation, since a simple syn-A orientation would al-
ready provide a helping role in catalysis.
Table 1 indeed indicates that many known liganded 3D-
structures of anti-a-retaining glycoside hydrolases (except a
family 31 representative as discussed further and family 54 ara-
binoside hydrolases as discussed in Section 5.8) show the sec-
ond oxygen of their nucleophile clearly situated at the syn-A
quadrant. An excellent example is fully described in Nuamo
et al.’s [21] structural elucidation of covalent intermediates
with the family 38 Golgi a-mannosidase II from Drosophila
melanogaster and includes an adequate interpretation of the
peculiar position of the nucleophile.
Interestingly, ﬂuoro derivatives of glycosyl-enzyme interme-
diates of this inverting a-mannosidase show an ALPH-compli-
ant 1S5 skew-boat conformation. ALPH-compliancy is also
observed in the Michaelis complex of the retaining family 26
b-mannanase from Pseudomonas cellulosa, although here the
covalent intermediate shows a OS2 conformation [52]. This
suggests that the cleavage of b-mannosides follows a
1S5ﬁ B2,5ﬁ OS2 conformational itinerary in comparison to
a 4C1ﬁ 4H3ﬁ 1S3 itinerary for b-glucosides, while the corre-
sponding a-glycosides – in agreement with the principle of
microscopic reversibility – follow the respective inverted itiner-
aries [21,52].
In the Michaelis complex of the retaining family 13 B. circu-
lans cyclodextrin glycosyltransferase (Table 1, pdb-entry 1cxk,
proton donor E257Q and nucleophile D229N double mutant),
Gln257 is clearly anti positioned and the Asn229 amide nitro-
gen is at syn-A, axially at 3.7 A˚ distance from the glucoside
ring oxygen. The authors interpretation of the nucleophile
positioning is in accordance with our general hypothesis [19].
The D-glucosyl unit in subsite 1 resides in a slightly distorted
but ALPH-compliant 4C1 conformation. The same study also
describes the 4-deoxymaltotriosyl-enzyme intermediate (pdb-
entry 1cxl, proton donor E257Q mutant), which surprisingly
shows the 1 subsite again occupied by a ground state 4C1 glu-
coside, now with a b-equatorial anomeric bond (non-ALPH
compliant). It could however represent a non-productive local
minimum, and the authors [19] suggest a strategic reason, i.e.,
that this could prolong the lifetime of the intermediate, thereby
allowing time for a new acceptor to diﬀuse into the active site.
This may be a recurrent strategy for glycosyl transferases.
The recently determined structure of the retaining family 31
a-D-xylosidase YicI from E.coli trapped as a 5-ﬂuoroxylopy-
ranosyl-enzyme intermediate (Table 1, pdb-entry 1xsk) [53]
shows an anti positioned Asp482 as the proton donor. The
nitrogen Ne1 of Trp345 is located in the syn-A quadrant, at
4.4 A˚ distance from the xyloside ring oxygen. The free electronpair of this nitrogen is however involved in the tryptophanes
p-aromatic ring system and is therefore not available for direct
interaction towards the substrates ring oxygen, again suggest-
ing that a nearby positioned polarisable p-aromatic system
may be advantageous for transition state stabilisation.
Remarkably, this tryptophane residue is only for 18% con-
served, next to 49% Ile, 8% Asn, 7% Ser, 6% Tyr, and 5%
Met. Especially the major occurrence of isoleucine at this posi-
tion is intriguing, and in these cases a ‘‘normal anti-a-retaining
situation’’, i.e., the nucleophiles carbonyl oxygen occupying
the syn-A quadrant, could be expected.5.7. Syn a-inverting: family 15 (clan L)
The inverting family 15 glucoamylases and glucodextran-
ases, and the family 65 glycoside phosphorylases act on glyco-
sides having an axial anomeric substituent. They show a
similar (a/a)6-fold and are as such classiﬁed in the GH-clan
L. A representative structure is that of the glucoamylase from
Aspergillus awamori var. X-100 in complex with acarbose (Ta-
ble 1, pdb-entry 1gah), with the reducing-end valienamine
occupying the 1 subsite [54]. The proton donor Glu179
clearly resides in the syn-B quadrant, and its carboxylate-oxy-
gen Oe2 is axially at 3.6 A˚ distance from the endocyclic C6 of
the valienamine moiety, i.e., the position of O5 of its natural
substrate. In the syn-A quadrant, at 3.6 A˚ from C6, one ﬁnds
the phenolic oxygen of the invariant Tyr48 residue.5.8. Arabinoside hydrolases. Anti a-inverting: family 43 (clan F)
and anti a-retaining: family 54
This glycoside hydrolase activity is observed within the
structurally diverse families 3, 51, and 54, and in the GH-clan
F families 43 and 62. No (liganded) structure has as yet been
solved for family 62, but all others are clearly anti protonators.
A surprising similarity at the 1 subsite of liganded family 43
and 54 structures demands a comparative description.
The inverting family 43 contains xylanases, b-D-xylosidases,
arabinanases and a-L-arabinofuranosidases. As yet only the
structure of the arabinase Arb43A from Cellvibrio japonicus
has been solved, revealing a ﬁve-bladed b-propeller fold [55].
In the substrate complex with an inactive D158A mutant (Ta-
ble 1, pdb-entry 1gye), one ﬁnds at the syn-B quadrant the sul-
fur atom of Cys242 at 4.5 A˚ distance from the endocyclic ring
oxygen; this sulfur is involved in a cystine bridge with an adja-
cent Cys241 residue. Cys242 is only for 10% conserved within
the known family 43 sequences. The other residues at this po-
sition mainly are Glu (24%) and Tyr (9%), which may reﬂect
the diﬀerent substrate speciﬁcities and the unknown function
of most of the family 43 protein sequences, and surprisingly
also Ala (20%) and Gly (7%), which may be due to sequence
errors or may indicate that a neighbouring residue occupies
the syn-B quadrant.
Remarkably, in the recently solved L-arabinose complex
structure of the retaining family 54 a-L-arabinofuranosidase
from Aspergillus kawachii (pdb-entry 1wd4) [56], an analogous
disulﬁde bridge between Cys176–Cys177 is found, which is
strictly conserved. The sulfur atom of Cys176 is now residing
in the syn-A quadrant at 4.4 A˚ distance from the endocyclic
ring oxygen. The adjacent Cys177 may be involved in a hydro-
phobic interaction with C5 of the ligand, and the double ala-
nine mutant shows an increased KM (>10 versus wt 0.76 mM)
and decreased kcat (3.9 versus wt 26.8 s
1) for p-nitrophenyl
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is completely diﬀerent from that of family 43 and consists of
a b-sandwich fold.
5.9. Families 33, 34, and 83 (clan E)
The retaining clan-E exo-a-sialidases hydrolyse sialic acid
from glycoproteins. Although the scissile glycosidic bond in
these substrates is positioned equatorially for the sialic acids
2C5 ground state conformation, the trans positioning within
a Fisher projection of the C2 anomeric substituent versus the
anomeric reference atom C7 requires this conﬁgurational rela-
tionship to be named a.
Liganded 3D-structures all show at the 1 subsite an invari-
ant tyrosine-glutamate combination, where the tyrosines phe-
nolic oxygen – and not the glutamates carboxylate – is
correctly positioned for nucleophilic displacement towards
the substrate. A crystal structure of the GH-family 33 trans-
sialidase from Trypanosoma cruzi has been published, with this
Tyr342 indeed being covalently trapped by 2,3-diﬂuorosialic
acid (pdb-entry 1s0k) [57,58]. The adjacent Glu230 clearly
shows its carboxylate group situated at syn-A, axially versus
the ligands ring oxygen. As indicated in Table 1, the corre-
sponding glutamates in liganded examples of sialidase families
34 and 83 also reside in the syn-A quadrant.6. Syn protonators revisited
From the enzyme list in Table 1, one cannot fail to notice that
26 of the 42 selected GH-families are anti protonators, although
these should be in mechanistic disadvantage in comparison to
syn protonators which can provide an interaction of the proton
donors conjugate base to the ring oxygens 2pz orbital at the
transition state. The intriguing question of why so many anti
protonators do exist leads to a further consideration.
For a non-enzymatic glycosidic bond hydrolysis (e.g., cataly-
sed by a dilute hydrogen chloride solution), the reaction-yield-
ing protonation of the glycosidic oxygen is expected to occur on
the lone pair orbital lobe that is involved in the exo-anomeric
eﬀect. This eﬀect favours a O5–C1–O1–Cx dihedral angle UO5Table 2
Liganded syn-protonating GH-family/clan members and their putative ex-an
Family Mechanism Proton donora Nucleophilea PD
6 b inv. syn-A Asp226(e) H2O 1oc
7/B b ret. syn-A Glu202(e) Glu197(e) 1ov
9 b inv. syn-A Glu424(e) H2O 4tf4
11/C b ret. syn-A Glu172(e) Glu79(e) 1bv
12/C b ret. syn-A Glu203(e) Glu120(e) 2nl
14 a inv. syn-B Glu172(i) H2O 1b9
15/L a inv. syn-B Glu179(i) H2O 1ga
16/B b ret. syn-A Glu152(e) Glu147(e)c 1ur
22 b ret. syn-A Glu35(e)b Asp52(e) 1h6
23 b inv. syn-A Glu73(i) H2O 1lsp
24/I b inv. syn-A Glu11(i) H2O 148
29 a ret. syn-A Glu266(e) Asp224(e) 1hl
47 a inv. syn-B Glu330(i) H2O 1fo
67 a inv. syn-B Glu292(i) H2O 1gq
94 b inv. syn-A Asp492(e) Phosphate 1v7
a(e)Proton donor and/or nucleophile experimentally conﬁrmed, (i)syn proton
bProton donor E35Q mutant.
cNucleophile E147S mutant.
dReferences as in the respective pdb-entry.in the range of 71 to 105 or 75 to 121, respectively, for
an equatorial or an axial glycosidic bond in glycopyranosides
and oligosaccharides [59], and is mainly due to a hyperconjuga-
tive overlap of the C1–O5 antibonding orbital with an antiperi-
planar oriented lone pair orbital lobe of the glycosidic oxygen,
and this lobe resides in the anti half-space. It is a substantial sta-
bilising eﬀect in the order of 4 kcal/mol [60], and protonation of
the involved lone pair automatically removes the stabilising
eﬀect en route to the transition state. This suggests an interest-
ing scenario in early evolution of glycosidases. Very primordial
glycosidases must have been using a slightly improved variant
of a non-enzymatic acidic catalysed glycosidic bond hydrolysis
mechanism. This indicates that the very ﬁrst glycoside hydro-
lases were all anti protonators. Soon thereafter, evolutionary
pressure for eﬃciency has equipped those early anti protonat-
ing glycosidases with a syn helper residue, and later some of
these would start to use the syn helper residue as the actual pro-
ton donor because of its mechanistic advantage in transition
state stabilisation.
If this scenario is correct, then at the ‘‘ex-anti proton donor’’
position of syn protonators one might ﬁnd a remnant of the
now defunct original proton donor (like the degenerate bones
of hind legs in whales). In the long course of evolution how-
ever, this residue might have shifted, been given another func-
tion, or even be completely deleted. Since the least drastic
switch-oﬀ of a carboxylate proton donor is by mutation to
its corresponding amide, one thus expects to often ﬁnd a glu-
tamine or asparagine residue at or nearby the anti half-space
of syn protonating glycoside hydrolases. This is a bold predic-
tion coming from a speculative scenario, however, as the list in
Table 2 shows, it surprisingly is the case for no less than 11 out
of the 15 liganded syn protonating families. A typical example
is the anti position of Gln175 in the F. oxysporum endoglucan-
ase Cel7B thiooligosaccharide complex (pdb-entry 1ovw) [36].
A logical further prediction is that if one would point-mutate
the indicated anti residue back to a carboxylate while as well
mutating the syn proton donor to a glutamine or asparagine,
one might obtain a still reasonably active but anti protonating
enzyme. The GH-family 29 enzymes apparently lack such a
remnant; here it might have been completely deleted. In theti proton donor
Bd Anti remnant Conservation of anti remnant
n Asn310 Invariant
w Gln175 ±3/4 conserved, ±1/4 Asn
His125 ±1/2 Asn, ±1/5 His, ±1/5 Ser
v Gln127 Invariant
r Asn155 ±2/3 conserved, often Gly
z Asn94 Invariant
h Glu179 Asp and/or loop change may yield anti
x Gln183 ±1/2 conserved, others are variable
m Asn44 ±3/4 conserved, often Ser
Asn148 ±3/4 conserved, often Ala, His, Tyr
l Gln105 ±2/3 Asn, often Gln, Lys, Arg
9 Met225 ±3/4 Gly, also Met, Trp, Phe
3 Glu330 Asp and/or loop change may yield anti
l Glu292 Asp and/or loop change may yield anti
x Gln690 ±2/3 conserved, often Ala
donor inferred from the relative position versus the ligand.
W. Nerinckx et al. / FEBS Letters 579 (2005) 302–312 311syn-a families 15, 47, and 67, a simple Asp to Glu muta-
tion and/or a small change in the enzymes local backbone
might have yielded the transformation from an anti to a syn
protonator.
Elaborating further on the evolutionary scenario, the ﬁrst
syn protonating glycoside hydrolases must have been faced
with the problem of an again fully occupied glycosidic oxy-
gens lone pair that re-establishes the exo-anomeric eﬀect.
The obvious solution is an adjustment of the shape of the ac-
tive site in such a way that their substrate ﬁts in a subsite 1 to
+1 carbohydrate to carbohydrate orientation, in which this
lone pair is no longer antiperiplanar to the C1–O5 bond. This
is indeed observed in liganded complexes of syn protonators
where both these subsites are occupied, e.g., the syn-b family
7 example from Table 2 (pdb-entry 1ovw) in complex with a
thiooligosaccharide shows an O5–C1–S1–C4 dihedral angle
UO5 of 154, whereas in the syn-a family 14 example (pdb-
entry 1b9z) the orientation of the D-glucose moiety in subsite
1 versus the one occupying +1 is such that the O5–C1–O1–
C4 dihedral angle UO5 would have been practically a full
180 if the interconnecting glycosidic bond had been present.
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